Ultraviolet B radiation (UV-B, 290-315 nm) can cause damage and induce photomorphogenic responses in plants. The mechanisms that mediate the photomorphogenic effects of UV-B are unclear. In etiolated Arabidopsis seedlings, a daily exposure to 2.5 h of UV-B enhanced the cotyledon opening response induced by a subsequent red light (R) pulse. An R pulse alone, 2.5 h of UV-B terminated with a far-red pulse, or 2.5 h of continuous R caused very little cotyledon opening. The enhancing effect of UV-B increased with fluence rate up to approximately 7.58 mol m Ϫ2 s Ϫ1 ; at higher fluence rates the response to UV-B was greatly reduced. The phyA, phyA cry1, and cry1 cry2 mutants behaved like the wild type when exposed to UV-B followed by an R pulse. In contrast, phyB, phyB cry1, and phyB phyA mutants failed to open the cotyledons. Thus, phytochrome B was required for the cotyledon opening response to UV-B 3 R treatments, whereas phytochrome A and cryptochromes 1 and 2 were not necessary under the conditions of our experiments. The enhancing effect of low doses of UV-B on cotyledon opening in uvr1 uvr2 and uvr1 uvr3 mutants, deficient in DNA repair, was similar to that found in the wild type, suggesting that this effect of UV-B was not elicited by signals derived from UV-B-induced DNA lesions (cyclobutane pyrimidine dimers and 6-4 photoproducts). We conclude that low doses of UV-B, perceived by a receptor system different from phytochromes, cryptochromes, or DNA, enhance a de-etiolation response that is induced by active phytochrome B.
Plants detect changes in their light environment using specific photoreceptor systems that control plant growth and development. Red light (R) and far red radiation (FR) are perceived by the phytochrome family of photoreceptors. In Arabidopsis there are five phytochromes (known as phyA through phyE), which are encoded by five divergent genes (PHYA through PHYE) (Sharrock and Quail, 1989; Clack et al., 1994) . Blue light and UV-A radiation (UV-A, 315-400 nm) are perceived by flavoprotein photoreceptors, which include cryptochrome 1 (cry1), cryptochrome 2 (cry2) (Ahmad and Cashmore, 1993; Guo et al., 1998; Lin et al., 1998) , and phototropin (Christie et al., 1998; for review, see Briggs and Huala, 1999) . Additional blue light photoreceptors are involved in the control of stomatal opening (Zeiger, 2000) .
UV-B radiation induces multiple morphological and physiological responses in plants (for reviews, see Jenkins, 1997; Caldwell et al., 1998; Jansen et al., 1998) , but the underlying mechanisms are much less clear than those that control the photomorphogenic effects of blue, R, and FR. The interest for understanding how plants and other organisms respond to UV-B has been stimulated by the demonstration that the increased deterioration of the stratospheric ozone layer at a global scale (Madronich et al., 1998) has lent to augmented UV-B levels at the ground surface over the last decade (McKenzie et al., 1999) . Many of the effects of UV-B on plants, such as reduced growth, are likely to be a more or less direct result of cellular damage caused by UV-B photons, which can cause aberrant photoproducts in macromolecules such as DNA (Britt, 1996) and proteins (Gerhardt et al., 1999) and also induce the production of potentially harmful active oxygen species (Foyer et al., 1994; Malanga et al., 1999) .
Other effects of UV-B may be the result of signaling cascades engaged by the initial products of damage caused by UV-B. For example, in mammalian cells, DNA damage is clearly involved in the elicitation of certain responses to UV-B, such as the tanning and enhanced-repair responses of skin cells (Eller et al., 1996; Eller et al., 1997; Smith and Fornace, 1997) . UV-B can also interact with membrane receptors and subvert signaling cascades normally used by the specific ligands of these receptors (Rosette and Karin, 1996; Rehemtulla et al., 1997; Kulms et al., 1999) . Gro␤ et al. (1999) have suggested that the ligandindependent activation of some membrane receptors is caused by the ability of UV to oxidize (and inactivate) receptor-directed protein-Tyr phosphatases.
In plants some responses to UV-B, such as the synthesis of isoflavonoids in legumes, are thought to be induced by DNA damage because (a) the wavelength dependency of the response is similar to that for DNA absorption, and (b) acceleration of DNA repair by photoreactivating light can lower the magnitude of the response to UV-B (Beggs and Well-mann, 1994). Perturbation of cell membranes and/or activation of lipases has also been proposed to be the initial signal that, through the octadecanoid pathway, induces some responses to UV in plants, such as the accumulation of proteinase inhibitors (Conconi et al., 1996) . These perturbations could be elicited by free radicals (Green and Fluhr, 1995; Surplus et al., 1998) , which are formed in response to UV-B.
Apart from these damage-related responses, which in general are induced most strongly by the shortest wavelengths of the UV spectrum (UV-C: Ͻ 280 nm), there are various lines of evidence from physiological experiments that suggest that some responses to UV-B in plants may be triggered by more specific photoreceptor systems. This evidence is based on spectral sensitivity analyses of pigment induction (Yatsuhashi et al., 1982; Beggs and Wellmann, 1994) , protein expression (Frohnmeyer et al., 1999) , and morphological responses (Ballaré et al., 1995) , which frequently show maximum activity in the UV-B region of the spectrum (Ensminger, 1993) , inhibitor studies (Ballaré et al., 1995) , fluence-response considerations, and comparisons between wild-type (WT) and UV-B-sensitive mutants (Lin et al., 1998) . However the nature of this evidence is indirect, and specific UV-B photoreceptors have not yet been identified in plants.
Depending on light conditions, plant photoreceptors can act independently of each other or interact in various ways (Casal, 2000) . During de-etiolation of Arabidopsis seedlings, FR and blue light perceived by phyA and cry1, respectively, interact in a synergistic manner with R perceived by phyB (Casal, 1995; Casal and Boccalandro, 1995; Casal and Mazzella, 1998; Hennig et al., 1999) . Positive interactions between UV-B and R were reported for flavone glycoside synthesis in cell suspension cultures of Petroselinum hortense (Wellmann, 1971) and also for anthocyanin formation and accumulation in Zea mays coleoptyles (Beggs and Wellmann, 1985) , apple skin (Arawaka, 1988) , etiolated wheat seedlings (Mohr and Drumm-Herrel, 1983) , and in broom sorghum (Yatsuhashi et al., 1982) . The photoreceptors involved in these interactions have not been identified. Kim et al. (1998) have shown that in etiolated Arabidopsis seedlings low fluence rates of broad-band UV inhibit hypocotyl elongation to the same extent in WT and uvr2 (photolyase-deficient mutant) seedlings, which suggested that hypocotyl growth inhibition by low doses of UV did not require the accumulation of DNA damage in the form of cyclobutane pyrimidine dimers (CPD). Kim et al. (1998) also reported that either phyA or phyB was required for UV-B-induced elongation inhibition. However, from their experiments it is impossible to discern whether the phytochromes (A or B) directly absorbed UV-B (e.g. Pratt and Butler, 1970) , triggering hypocotyl inhibition, or if this response was the result of an interaction between phytochrome/s and UV-B, perceived by a separate UV-B photoreceptor.
In the present work we studied two developmental responses induced by UV-B in de-etiolating Arabidopsis seedlings: cotyledon opening and hypocotyl growth inhibition. We determined the specificity of the UV-B effect and its fluence rate dependence, and we investigated the roles of known plant photoreceptor systems in these responses by using mutants deficient in phytochromes, cryptochromes, and DNA repair.
RESULTS

UV-B Has a Dual Effect on Cotyledon Opening
One-day-old etiolated seedlings of Arabidopsis were exposed for 3 d to a daily period of 2.5 h of UV-B followed by an R pulse. Cotyledon opening was enhanced by increasing fluence rates of UV-B between 0.8 and 6.6 mol m Ϫ2 s Ϫ1 (Fig. 1A ). Higher fluence rates gradually decreased cotyledon unfolding, thereby producing a bell-shaped fluence-rate re- Figure 1 . Fluence-rate response curves for UV-B-induced cotyledon opening (A) and hypocotyl growth inhibition (B). One-day-old WT seedlings (24 h after the R pulse used to induce germination) were exposed for 3 d to a daily period of 2.5 h of UV-B (of the indicated fluence rate), followed by a saturating R pulse (see daily protocol at the top of the figure) . Each point represents the mean Ϯ SE of at least six replicate boxes.
sponse curve. Hypocotyl-growth inhibition showed a monophasic response, increasing gradually with fluence rate (Fig. 1B) .
UV-B-Induced Cotyledon Unfolding Requires Pfr
To investigate the interaction between UV-B and phytochrome, etiolated seedlings were exposed daily to 2.5-h UV-B treatments (6.6 mol m Ϫ2 s Ϫ1 ), terminated with a pulse of R or FR (5 min). Neither an R pulse alone nor 2.5 h of UV-B terminated with an FR pulse (low Pfr levels) caused significant cotyledon opening ( Fig. 2A ). This indicates that the UV-B treatment interacts synergistically with the terminal R pulse (high Pfr level) to produce maximum cotyledon opening. In the case of hypocotyl elongation, UV-B had a strong inhibitory effect per se (i.e. even when the UV-B treatment was followed by an FR pulse, which lowered the level of Pfr) (Fig. 2B ), the synergistic interaction between UV-B and R light was marginal but statistically significant.
The Cotyledon Opening Response to UV-B Requires Active phyB But Not phyA, cry1, or cry2
To investigate whether the responses to UV-B require phyA, phyB, cry1, and/or cry2, single and double photoreceptor mutants were exposed daily to 2.5 h of UV-B terminated with either an R or an FR pulse. The phyA, phyA cry1, and cry1 cry2 mutants behaved like the WT, whereas null (phyB-5, phyB-5 cry1, and phyA phyB-5) and weak (phyB-4) mutants of phyB failed to open the cotyledons in response to the UV-B 3 R treatment (Fig. 3A) .
UV-B inhibited hypocotyl elongation in all the genotypes, even when the UV-B treatment was terminated with an FR pulse. A terminal R pulse caused further inhibition only in those genotypes that did not carry a phyB mutation (Fig. 3B ).
The Photoreceptor That Mediates the UV-B Effect on Cotyledon Opening Is Not phyB
UV-B radiation can be absorbed by the phytochrome apoprotein and drive photoconversion (Pratt and Butler, 1970) . Exposure to UV-B is predicted to establish a fractional Pfr level between 0.62 and 0.65 in etiolated tissue (Mancinelli, 1988) . Since UV-B failed to elicit cotyledon unfolding in phyB (Fig. 3A) , we investigated the possibility that phyB was responsible for the perception of the UV-B treatment. We gave the seedlings 2.5 h of R each day and compared the effect of this treatment with that of the daily UV-B exposures. Although the R treatment is predicted to be more effective than UV-B in generating phyB Pfr (calculated Pfr level, approximately 0.88), UV-B was much more effective than R in terms of enhancing the effect of a terminal R pulse on cotyledon opening (Fig. 4A) . PHYB levels were similar in seedlings exposed to UV-B or R treatments (Fig. 4B) . Therefore, the enhancing effect of UV-B on cotyledon opening was neither mediated by phyB perception of UV-B (Fig. 4A) nor by UV-B-induced increases in PHYB levels (Fig. 4B) . 
The Cotyledon Opening Response Was Not an Effect of Residual UV-A
As the UV-B lamps used in our experiments emit some residual UV-A (Q-Panel 313 bulbs; approximately 30% of the total energy output), we tested whether the cotyledon opening response was an effect of UV-B or if this residual UV-A, potentially perceived by cryptochromes, was also involved in promoting cotyledon opening. When further UV-A was added to the UV-B emitted by the Q-Panel 313 bulbs, the effect on cotyledon opening was similar to the effect of the UV-B treatment alone (Table I) . When the UV-B emitted by the Q-Panel 313 bulbs was cutoff, using a Mylar filter, the opening response was greatly reduced, both in WT and in the cry1 cry2 double mutants (Table I , residual UV-A treatment). Thus, the UV-A component emitted by the UV-B lamps had only a modest effect in eliciting the UV response under our experimental conditions.
The Cotyledon Opening Response to UV-B Is Similar in WT and DNA-Repair Mutants
To investigate whether the effects of UV-B were elicited by DNA damage, we compared the deetiolation responses to UV-B of WT seedlings with those of two DNA photorepair mutant (uvr1 uvr2 and Table I . Angle between cotyledons in WT and cry1 cry2 double mutant seedlings after daily pretreatments of 2.5 h UV-B ϩ UV-A, UV-A, UV-B, or darkness, followed by a saturating R pulse One-day-old seedlings (24 h after the R pulse used to induce germination) were exposed for 3 d to these treatments. Data are means Ϯ SE of six replicate boxes. UV-B ϩ UV-A 3 R 6 4 Ϯ 4 6 4 Ϯ 7 Residual UV-A 3 R 1 6 Ϯ 2 1 3 Ϯ 2 UV-B 3 R 6 1 Ϯ 4 7 1 Ϯ 7 Darkness 3 R 6 Ϯ 2 1 7 Ϯ 5 Figure 3 . Angle between cotyledons (A) and hypocotyl length (B) of photoreceptor-deficient single and double mutants. The seedlings were exposed for 3 d to a daily period of 2.5 h of UV-B (6.6 mol m Ϫ2 s Ϫ1 ) or darkness, followed by a saturating R (striped bars) or FR (solid bars) pulse. Bar data are means and SE of at least six replicate boxes. Figure 4 . A, Angle between cotyledons of WT seedlings after 3 d of exposure to daily periods of 2.5 h of UV-B (6.6 mol m Ϫ2 s Ϫ1 ) followed by darkness or saturating R or FR pulses (UV-B 3 D, UV-B 3 R, or UV-B 3 FR, respectively), or to 2.5 h of R (30 mol m Ϫ2 s Ϫ1 ) followed by a saturating R pulse (R 3 R). Bar data are means and SE of at least six replicate boxes; different letters denote significant differences between treatment means. B, PHYB level of Ler seedlings exposed for 3 d to daily periods of the indicated irradiation treatments (UV-B 3 R, 2.5 h UV-B followed by an R pulse; R 3 R, 2.5 h R followed by an R pulse; D 3 R, one R pulse a day). A phyB overexpressor line (ABO) was included as a positive control along with its corresponding WT (No-O). uvr1 uvr3) seedlings. Both mutants are deficient in DNA excision repair; in addition, uvr1 uvr2 is deficient in the photorepair of CPDs, and uvr1 uvr3 is deficient in the photorepair of 6-4 photoproducts (Jiang et al., 1997 ). CPDs and 6-4 photoproducts are both induced by UV-B, and together they make up almost all of the DNA damage caused by UV radiation (Mitchell and Nairn, 1989; Britt, 1999) . If the effect of UV-B on cotyledon unfolding were elicited by CPDs or 6-4 photoproducts, uvr1 uvr2 and/or uvr1 uvr3 should be more sensitive for this response (i.e. display greater opening angles) than the WT at least at low fluence rates. To test this we extended the range of UV-B fluence rates, including additional treatments with UV-B levels less than 0.1 mol m Ϫ2 s Ϫ1 . Compared with the WT, cotyledon unfolding in uvr1 uvr2 or uvr1 uvr3 seedlings was nearly normal for fluence rates less than 0.1 mol m Ϫ2 s Ϫ1 (maximum opening between 25 and 40 degrees), and particularly for uvr1 uvr2, it was reduced rather than increased at higher fluence rates (Fig. 5 , A and C). Hypocotyl elongation was not affected by the uvr mutations at fluence rates less than 0.1 mol m Ϫ2 s Ϫ1 , but both mutants were clearly more inhibited than the WT at greater fluence rates (Fig. 5, B and D) .
DISCUSSION
UV-B induces a wide variety of responses in plants,
including alterations in stem elongation and leaf morphology, but the mechanisms involved in these responses are unclear (Jansen et al., 1998) . A relatively small fraction of the work on UV-B-induced photomorphogenesis has been carried out in Arabidopsis, and the genetic approaches that were so successful in unraveling the mechanisms of phytochrome and cryptochrome action have not been widely applied in the case of UV-B responses. In the present experiments we have characterized the effects of low levels of UV-B on de-etiolating Arabidopsis seedlings using a combination of physiological and genetic tools. We found that exposure to UV-B enhances the action of a subsequent R pulse, perceived by phyB, promoting cotyledon opening in de-etiolating Arabidopsis seedlings (Figs. 1-3) . We also detected a synergistic interaction between UV-B and R for the inhibition of hypocotyl elongation, although this interaction was much weaker than the one for cotyledon opening (Fig. 2) . In fact, UV-B caused a significant inhibition of hypocotyl elongation even when the treatment was terminated with an FR pulse (Fig. 2B ) and in phyB and phyA phyB mutants (Fig. 3B) . This result suggests that the effects of UV-B on cotyledon opening and hypocotyl growth inhibition are mediated through different photosensory mechanisms within the same developmental stage of the Arabidopsis seedling.
FR, perceived by phyA (Casal, 1995; Hennig et al., 1999) , and blue light, perceived by cry1 (Casal and Figure 5 . Fluence-rate response curves for UV-B-induced cotyledon opening and hypocotyl growth inhibition in WT and DNA repair mutants. Two-day-old seedlings (48 h after the R pulse used to induce germination; compare with Fig. 1 ) were exposed for 3 d to a daily period of 2.5 h of UV-B (of the indicated fluence rate), followed by a saturating R pulse. Each datum point represents the mean Ϯ SE of at least six replicate boxes. The uvr1 uvr2 (A and B) and uvr1 uvr3 mutants (C and D) were tested in two different series of experiments; therefore, separate WT controls are shown for each mutant.
Boccalandro, 1995), were reported to have similar enhancing effects on the action of phyB Pfr on cotyledon opening and hypocotyl growth inhibition. The fact that UV-B in low doses can mimic the effects of FR and blue light on cotyledon opening may indicate that (a) UV-B activates the same photoreceptors as FR and blue light (namely phyA and cry1) or (b) using a separate receptor system, it engages transduction cascades that converge with those used by phyA and cry1. With regard to the first possibility, aromatic residues in the protein moiety of protein-pigment photoreceptor systems absorb in the UV-B region, and the energy may be transferred to the chromophores, thereby potentially eliciting biological responses. In the case of phytochrome, for example, UV-B can drive photoconversion and potentially trigger phytochrome-mediated responses (Pratt and Butler, 1970) . Kim et al. (1998) reported that UV-B only had a weak effect on hypocotyl growth inhibition in a phyA phyB double mutant, and their results were consistent with the idea that the effect of UV-B was mediated by either phyA or phyB under their experimental conditions.
Obviously phyA was not the UV-B receptor that mediated the effect of UV-B on cotyledon opening in our experiments, because phyA mutants had a normal response to UV-B. The fact that phyB mutants were impaired in their cotyledon response to UV-B might be interpreted as indicating that phyB is involved in the perception of the UV-B treatments. However, the enhancing effect of UV-B could neither be replaced by pretreatments of continuous R nor explained by increased PHYB levels (Fig. 4) , suggesting that a photoreceptor system different from phytochrome was responsible for sensing the UV-B treatment.
Regarding activation of blue light receptors by UV-B, recent work by Eisinger et al. (2000) suggests that the UV-B peak (280 nm) in the action spectrum for UV-induced stomatal opening in Vicia faba is mediated by the stomatal blue light receptor; this UV-B sensitivity presumably represents absorbance by the protein portion of the photoreceptor. Proteinchromophore energy transfer could also operate with the cryptochromes. Since cryptochromes show similarity to bacterial (class I) photolyases (the enzymes responsible for undoing DNA damage induced by UV-B), and Trp residues involved in UV-B photon capture and energy transfer have been identified in Escherichia coli photolyase (Kim et al., 1992) , it might be reasonable to suspect that the cryptochromes are somehow capable of UV-B perception. From our experiments we can rule out the involvement of both cry1 and cry2 in UV-B signaling leading to cotyledon opening, because we found a WT response to UV-B in the double cry mutants (Table I ). The evidence so far available in Arabidopsis agrees with our results, at least in the case of cry1. Fuglevand et al. (1996) studied the UV-B-induced expression of chalcone synthase in seedlings. They found that the UV-B effect is synergistically enhanced by blue and UV-A radiation, but neither the perception of the UV-B signal nor the enhancing actions of blue and UV-A were affected in cry1. Kim et al. (1998) similarly concluded that cry1 had no significant role in UV-B signaling for hypocotyl growth inhibition in Arabidopsis; the role of cry2 was not tested.
If UV-B is not perceived by phytochromes or cryptochromes it is necessary to consider other possibilities. UV-B causes specific photoproducts in DNA, and DNA damage is considered to play a key role in UV signaling in mammalian cells. The evidence in favor of this idea is strong, and it is based on experiments that involve manipulation of repair rates (Kripke et al., 1992; Kulms et al., 1999) and treatment of cells with oligonucleotides that mimic the initial products of DNA damage processing (such as thymine nucleotides, pTpT; Eller et al., 1996 Eller et al., , 1997 . The lesions caused by UV-B in DNA are CPDs, which may represent between 75% and 90% of the aberrant photoproducts generated, and 6-4 photoproducts, which make up most of the remaining fraction (Mitchell and Nairn, 1989; Britt, 1999) . If these lesions were important in UV-B signaling for morphological responses in plants, one should expect a stronger response to UV-B in DNA repair mutants than in the WT, unless the repair mutants are so badly damaged by UV-B that they cannot display normal morphological responses. Kim et al. (1998) showed that uvr2 seedlings had normal elongation responses to UV-B and interpreted this result as indicating that DNA damage was not involved in UV-B signaling. However, other DNA-repair mechanisms, such as excision repair and photorepair of 6-4 photoproducts are unaltered in uvr2 (Jiang et al., 1997) . Moreover, the expression of UVR2 is very low in etiolated seedlings (see also Langer and Wellmann, 1990; Chen et al., 1994) , so it is possible that the DNA repair rates of uvr2 were not very different from those of WT seedlings in the experiments of Kim et al. (1998) .
Our experiments extended the range of DNA repair mechanisms that were genetically ablated. The results (Fig. 5) provide convincing evidence against the involvement of CPDs and 6-4 photoproducts in UV-B signaling for cotyledon opening, because the opening response of DNA repair mutants was either similar to (fluence rate Ͻ 0.1 mol m Ϫ2 s
Ϫ1
) or lower than that of the WT controls. In contrast, in the case of hypocotyl growth inhibition, we did find higher sensitivity in the uvr double mutants than in the WT. This result indicates that, in the case of hypocotyl growth inhibition, CPD and 6-4 photoproducts are involved, presumably by causing non-specific growth retardation. It is noteworthy, however, that at fluence rates less than 0.1 mol m Ϫ2 s Ϫ1 , UV-B had only slight effects on hypocotyl elongation, and these effects were similar in uvr mutants and WT seedlings. This observation suggests that, at least within the time frame of our experiments, the toxic growth inhibitory effects of low doses of UV-B were relatively mild in the mutants. Therefore, aberrant DNA photoproducts, which were clearly toxic at high fluence rates, are unlikely to have limited cotyledon opening in the uvr mutants at fluence rates less than 0.1 mol m Ϫ2 s
. In summary, the lack of an increased opening response in uvr mutants strongly suggests that CPDs and 6-4 photoproducts are not involved in triggering this photomorphogenic effect of UV-B on the cotyledons. A caveat of this interpretation may be that the recognition of DNA photoproducts by the downstream element of the (hypothetical) photomorphogenic transduction cascade might require a functional DNA repair mechanism. If this were the case, the evidence gathered from experiments with DNA repair mutants could not be used to test the role of DNA lesions as informational signals.
Our results are not incompatible with a model in which UV-B activates elicitor receptors at the cell membrane (e.g. by triggering receptor phosphorylation or inhibiting receptor-directed phosphatases) (Rosette and Karin, 1996; Gro␤ et al., 1999; Kulms et al., 1999) , and they neither support nor dismiss the possibility that particular redox states of flavins are involved in UV-B perception (Ensminger and Schä-fer, 1992; Khare and Guruprasad, 1993; Ballaré et al., 1995) . Isolation and characterization of mutants with altered photomorphogenic responses to UV-B clearly will be necessary to positively identify UV-B receptor systems. Up until now this path has been blocked by the lack of a useful phenotypic marker of UV-Binduced photomorphogenesis, which could be conveniently used in mutant screening programs. Our identification and physiological characterization of a simple photomorphogenic effect induced by UV-B, through a photoreceptor different from the phytochromes, cryptochromes, and DNA, should open the way to isolate mutants with defects in UV-B perception or signaling.
MATERIALS AND METHODS
Plant Material
The ecotype Landsberg erecta (Ler) of Arabidopsis was used as WT in this study. Several photoreceptor mutants (all in Ler background) were included: phyA-201 (formerly fre-1 [Nagatani et al., 1993] ), phyB-5 (formerly hy3), and phyB-4 (Koornneef et al., 1980; Reed et al., 1993) , the double mutants phyA-201 phyB-5 (Mazzella et al., 1997), phyA-201 cry1, and phyB-1 cry1 (Casal and Mazzella, 1998) and cry1 cry2 (Yanovsky et al., 2000) . The PHYB overexpressing line (ABO) and the ecotype Nossen (No-O) (Wagner et al., 1991) were used as additional controls in the western blotting analysis. The uvr1 uvr2 and the uvr1 uvr3 double mutants (Ler background) were kindly provided by Anne B. Britt (University of California, Davis, CA). Both mutants are deficient in DNA excision repair; uvr1 uvr2 is also deficient in the photorepair of CPDs, and uvr1 uvr3 is deficient in the photorepair of 6-4 photoproducts (Jiang et al., 1997).
Ten seeds of each genotype were sown in clear plastic boxes (40 ϫ 33 mm ϫ 15 mm height), containing 3 mL of agar 0.8% (w/v). Boxes were lidded with a UV transparent film (Rolopac, Buenos Aires; 0.025-mm thick), stored 3 d in darkness at 6°C, exposed to a saturating R pulse, and incubated in darkness for 24 h at 25°C before being transferred to the different light treatments. In the western-blotting experiments and in the experiments where the DNA repair mutants were included, the seedlings were incubated 48 h at 25°C in darkness (instead of 24 h) before being transferred to the UV-B treatment to minimize potential deleterious effects of UV-B at early stages of seedling growth.
Light Treatments
UV-B was provided by two UV-B 313 bulbs (Q-Panel 313, Cleveland). UV-A was produced by two UV-A TL 40W/05 bulbs (Philips, Eindhoven, The Netherlands). In all cases a 0.1-mm-thick cellulose di-acetate film (La Casa del Celuloide, Buenos Aires) was placed between the tubes and the seedlings to filter out the UV-C radiation ( Ͻ 290 nm) emitted by the fluorescent tubes. The cellulose di-acetate sheets were replaced after 7.5 h of exposure. Different UV-B irradiances were obtained by varying the distance between the seedlings and the light sources. UV levels were measured with a using an IL-1,700 double-monochromator spectroradiometer (International Light, Newburyport, MA), integrating the spectral irradiance between 290 and 315 nm. The radiometer was calibrated against a standard lamp (OL-40, Optronic, Orlando, FL) in the short-wavelength range and a model 1,800 calibrator (LI-COR, Lincoln, NE) for Ն 320 nm. Wavelength accuracy was checked using a germicidal UV-C lamp. To obtain a UV-A control (Residual UV-A in Table I ), we removed the UV-B portion of the spectrum emitted by the Q-Panel 313 bulbs using clear polyester films (Mylar-D, DuPont, Wilmington, DE; 0.1-mm thick). R (30 mol m Ϫ2 s Ϫ1 ) was provided by red fluorescent tubes (40/15, Philips). FR (40 mol m Ϫ2 s Ϫ1 ) was provided by incandescent lamps in combination with a water filter and an RG9 filter (Schott, Mainz, Germany).
Western Blotting
Eighty seedlings per irradiation treatment were grown under the appropriate light conditions. Proteins were extracted as described in Martinez-García et al.(1999) . Fifty microliters were loaded per lane, separated on 8% (w/v) SDS-PAGE gels, and western blotted. The blots were probed with the monoclonal antibody anti-phyB MAb B6-B3, kindly provided by Peter H. Quail (University of California, Berkeley, and U.S. Department of Agriculture Plant Gene Expression Center, Albany, CA). After washing, the membrane was incubated with 1:500 affinity-purified alkaline phosphatase-conjugated antibody against mouse IgG developed in goat (Sigma, St. Louis). The bands were visualized by incubating the blots in 0.1 m Tris (pH 9.5), 100 nm NaCl, 5 mm MgCl 2 containing 0.165 mg mL Ϫ1 5-bromo-4-chloro-3-indoyl phosphate, p-toluidine salt, and 0.33 mg mL Ϫ1 nitro blue tetrazolium (both from Sigma).
